Abstract. microRNAs are a type of small non-coding RNAs which play important roles in post-transcriptional gene regulation, and the characterization of microRNA expression profiling in peripheral blood mononuclear cells (PBMCs) from patients with Klinefelter syndrome requires further investigation. In this study, PBMCs were obtained from patients with Klinefelter syndrome and normal controls. After preparation of small RNA libraries, the two groups of samples were sequenced simultaneously using next generation high-throughput sequencing technology, and novel and known microRNAs were analyzed. A total of 9,772,392 and 9,717,633 small RNA reads were obtained; 8,014,466 (82.01%) and 8,104,423 (83.40%) genome-matched reads, 64 and 49 novel microRNAs were identified in the library of Klinefelter syndrome and the library of healthy controls, respectively. There were 71 known microRNAs with differential expression levels between the two libraries. Clustering of over-represented gene ontology (GO) classes in predicted targets of novel microRNAs in the Klinefelter syndrome library showed that the most significant GO terms were genes involved in the endomembrane system, nucleotide binding and kinase activity. Our data revealed that there are a large number of microRNAs deregulated in PBMCs taken from patients with Klinefelter syndrome, of which certain novel and known microRNAs may be involved in the pathological process of Klinefelter syndrome. Further studies are necessary to determine the roles of microRNAs in the pathological process of Klinefelter syndrome in the future.
Introduction
Klinefelter syndrome is the most common sex-chromosome disorder in males with a prevalence of approximately 1 in 600, and is defined as a male having a karyotype containing an extra X-chromosome (47, XXY) and variants including mosaicims (1) . Since the first description of Klinefelter syndrome in 1942, Klinefelter syndrome (47, XXY) has been known as a relatively common cause of infertility, hypergonadotropic hypogonadism, gynaecomastia and learning disability in males (2) . Certain studies have predicted that the aberrant expression of X-chromosome-linked genes plays a key role in those clinical features of Klinefelter syndrome, but the mechanisms remain poorly understood, and its treatment is difficult and rarely successful (3) . microRNAs are an abundant class of highly conserved, small non-coding RNAs that present a new theme of post-transcriptional gene regulation (4) . Advances in understanding of the molecular events underlying types of human diseases, including virology, embryogenesis, differentiation, inflammation and cancers, have spurred numerous investigations to examine the comparative expression of microRNAs (5) (6) (7) (8) . However, few studies have revealed or focused on the character of microRNAs in Klinefelter syndrome until now.
The early attempts at systematically profiling microRNA expression were performed using detection experiments, including northern blotting, real-time PCR and complementary DNA (cDNA) microarrays (9) . However, these methods lack the ability to identify novel microRNAs and accurately determine expression at a range of concentrations (10) . Recently, studies have documented that numerous new microRNA annotations originate from deep-sequencing experiments (11) . Before the effect of microRNAs on gene regulation can be globally studied in Klinefelter syndrome, a robust method for profiling the expression level of each microRNA in this disorder is required (12) . However, information in this field was unavailable until now. Therefore, in order to obtain more basic information with regard to microRNAs in Klinefelter syndrome, our objective in this study was not to analyze the effect of microRNAs on gene regulation, but aim to profile microRNA expression profile of peripheral blood mononuclear cells of Klinefelter syndrome 
Materials and methods
Small RNA library preparation and sequencing. All patients and healthy controls were recruited at the Guilin 181st Hospital (Guilin, China), and written informed consents were obtained from all subjects. Seven blood samples were obtained from the patients who were diagnosed with Klinefelter syndrome with a karyotype containing an extra X-chromosome (47, XXY), and seven from healthy volunteers. This study was performed in accordance with the provisions of the Declaration of Helsinki 1995 (as revised in Edinburgh 2000). Approximately 5 ml heparinized venous blood sample was obtained from each subject, peripheral blood mononuclear cells (PBMCs) in each blood sample were separated using Ficoll-Paque (Sigma, St. Louis, MO, USA) and RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Subsequently, the extracted RNA was stored at -80˚C until the preparation of small RNA libraries.
To produce the Klinefelter syndrome library and healthy control library, aliquots of total RNA from each subject were subjected to microRNA library construction and sequencing. The procedure was described previously (13, 14) . Briefly, RNA fragments 18-30 bases long were isolated from total RNA by 15% PAGE gel. A 5' adaptor was ligated to purified small RNAs followed by purification of ligation products by 15% PAGE gel. The 3' RNA adapter was subsequently ligated to precipitated RNA using T4 RNA ligase, followed by purification of ligation products by 10% PAGE gel. The ligation products were reverse transcribed and subjected to RT-PCR (Superscript II reverse transcriptase, 14 cycles of amplification) amplification. Amplification products excised from 6% PAGE gel were used for clustering and sequencing by Illumina Genome Analyzer (BGI, Shenzhen, China).
Initial processing of the reads. The sequence tags from high-throughput sequencing underwent data cleaning, which included filtering certain low quality reads according to base quality value, trimming the adaptor sequence at the 3' primer terminus and removing 5' adaptor contaminants formed by ligation. Second, each high-quality clean reads >18 and <30 nt was aligned to the human reference genome (hg19, National Center of Biotechnology Information build 37.1) using the SOAP program (15) . Third, sequences perfectly matched over their entire length were considered for further analyses. Certain annotated RNAs were discarded, including rRNA, scRNA, snoRNA, snRNA, piRNA, and tRNA deposited at NCBI GenBank database and Rfam 9.1 database; repeated overlapping sequences and the sequences overlapping with predicted exons and introns were also filtered. The remaining unique small RNA sequences were aligned with miRBase 14.0 database, novel microRNA candidates in the two groups of samples were predicted by Mireap and the procedure was conducted as previously described (13, 16) .
Differentially expressed patterns of known microRNAs.
Relative expression analysis which was normalized by accounting for the number of microRNAs and the total number of small RNA reads was sought to define the expression preferences of individual microRNAs between these two libraries. The procedures were as previously described (14) , and briefly as follows: i) read counts of each identified microRNA in each library were normalized to the total number of small RNA reads, the ratio was then multiplied by a constant of 1x10 6 ; ii) fold-change and P-value were calculated from the normalized expression: log 2 fold-change and Audic-Claverie method were used to define differential expression of microRNAs between the two small RNA libraries, with a minimum foldchange (log 2 ratio) of 1 and a false discovery rate cut-off of 0.01. The P-values were calculated according to the following equation:
where x indicates the number of reads across a microRNA in Klinefelter syndrome and y indicates the number of reads across the corresponding microRNA in the healthy control. In this study, the P-value indicates the probability of obtaining y counts in Klinefelter syndrome given x counts in healthy controls. In normalized sequence counts, a 1-fold change (log 2 ratio) and P≤0.001 were considered to indicate a statistically significant result.
Functional annotation of novel microRNA targets. The target genes of novel microRNAs in the two libraries were predicted, and the prediction rules were based on those suggested by two studies (17, 18 ) and briefly as follows: i) no more than four mismatches between sRNA and the target (G-U bases count as 0.5 mismatches), ii) no more than two adjacent mismatches in the microRNA/target duplex, iii) no adjacent mismatches in positions 2-12 of the microRNA/target duplex (5' of microRNA), iv) no mismatches in positions 10-11 of microRNA/target duplex, v) no more than 2.5 mismatches in positions 1-12 of the of the microRNA/target duplex (5' of microRNA), vi) minimum free energy (MFE) of the microRNA/target duplex should be ≥75% of the MFE of the microRNA bound to its perfect complement. Subsequently, all target gene candidates were mapped to gene ontology (GO) terms, calculating gene numbers for each term, then using a hypergeometric test to identify significantly enriched GO terms in target gene candidates compared with the reference gene background (19) .
Results
Sequencing and annotation of small RNAs. In the two small RNA libraries, 9,993,746 and 9,864,510 high quality sequence reads were acquired by high-throughput sequencing from patients with Klinefelter syndrome and healthy controls, respectively. After filtering of the high-quality clean reads, 9,772,392 and 9,717,633 small RNA reads were obtained from patients with Klinefelter syndrome and healthy controls, respectively, and size distribution is shown in Figs. 1 and 2 .
There were 8,014,466 genome-matched reads (82.01%) for Klinefelter syndrome and 8,104,423 genome-matched reads (83.40%) for healthy controls, respectively, which were mapped to the human genome (hg19, National Center of Biotechnology Information build 37.1) using the SOAP program. They were divided into various categories of small RNAs according to their biogenesis and annotation shown in Figs. 3 and 4.
Novel microRNAs prediction. Based on the sequences in the small RNA libraries, 64 and 49 novel microRNAs in the Klinefelter syndrome and healthy control libraries were identified, separately; 25 novel microRNAs were identified in both libraries (Table I ). The most abundant novel microRNA sequence (CCCTGGGGTTCTGAGGACATG) of the Klinefelter syndrome library was also detected in the healthy control library.
Differentially expressed patterns of known microRNAs.
Compared with healthy controls, 71 microRNAs were expressed at a higher level in patients with Klinefelter syndrome and 395 microRNAs were expressed at approximately equal levels, while 18 microRNAs with reduced expression levels in Klinefelter syndrome were observed (Table II) . Analysis of copy numbers of known microRNAs showed that there were various copy numbers of microRNAs between the two libraries. Among them, hsa-let-7f was the most prevalent microRNA in both the Klinefelter syndrome and healthy control libraries.
Functional annotation of novel microRNA targets. There were 494,830 and 379,020 target genes of novel microRNAs in the Klinefelter syndrome library and the healthy control library. Clustering of over-represented GO classes in predicted targets of novel microRNAs showed that the most significant GO terms in the Klinefelter syndrome library (P<0.001) were genes involved in the endomembrane system (GO, 0012505), nucleotide binding (GO, 0000166), purine nucleotide binding (GO, 0017076), ribonucleotide binding (GO, 0032553), adenyl nucleotide binding (GO, 0030554), adenyl ribonucleotide binding (GO, 0032559), kinase activity (GO, 0016301) and binding (GO, 0005488).
Discussion
Certain studies suggest that high-throughput sequencing is able to yield millions of clean reads per run (20) . microRNAs are a large groups of small RNAs that play important roles in regulating gene expression and protein translation (21, 22) . To gain insight into the character of microRNAs in Klinefelter syndrome, we employed high-throughput sequencing technology to globally study small RNAs, particularly microRNA expression profiles in Klinefelter syndrome patients and their normal counterparts. We were able to obtain approximately 10 million 18-30 nt high quality sequence reads, which indicated that this platform clearly has great potential for the discovery of even rare microRNAs. It is valuable to use high-throughput sequencing technology in the sequencing frequencies of microRNAs as an index for estimating the relative abundance of microRNAs, and the production of abundant microRNAs reads, allowing us to determine the differential expression of microRNAs (23) . According to the sequencing frequencies, we first identified in-house differential expression of different microRNAs in Klinefelter syndrome, for example the sequence reads of hsa-let-7e is 1, and hsa-let-7f is 2, 291,067. The results suggested that various microRNAs showed obvious differential expression levels between patients with Klinefelter syndrome and healthy controls. Further sequence tag analysis revealed that 89 microRNAs were aberrantly expressed, 71 microRNA had increased expression and 18 microRNAs exhibited decreased expression, in Klinefelter syndrome compared with healthy controls. These results showed that upregulated microRNAs were more common than downregulation in Name, the name of novel microRNAs in Klinefelter syndrome and healthy control libraries; sequence, microRNA sequence cloned in the small RNA library; arm, the microRNA location in the predicted hairpin structure 5' or 3' arm; length, the length of microRNA (bp); location, microRNA location in the chromosome; precursor length, the length of precursor microRNA; MFE, minimum free energy; count, the counts of microRNA reads. Klinefelter syndrome. However, our data also revealed that certain microRNAs did not demonstrate differential expression between Klinefelter syndrome and healthy controls. We suggest that the expression of certain microRNAs is stable in Klinefelter syndrome and healthy controls, which may play an important function in the common physiological condition. Thus far, knowledge concerning microRNAs in Klinefelter syndrome is limited. There are 77 microRNAs located on the X-chromosome, and 10 within the various functional parts of the brain, including let-7f-2, miR-19b-2, miR-92a-2, miR-98, miR-105-2, miR-221, miR222, miR363, miR374a, miR-374b, that may play roles in general intelligence (24) . However, differential expression of these microRNAs could not be identified in PBMCs between Klinefelter syndrome and healthy control libraries in this study, which indicated that the expression pattern of microRNA varies over time and between tissues (25). Name, the name of known microRNAs in Klinefelter syndrome and healthy control libraries; Klinefelter syndrome-std, read counts of each identified microRNA in Klinefelter syndrome library normalized to the total number of small RNA reads, and multiplied by a constant of 1x10 6 ; healthy control-std, read counts of each identified microRNA in Klinefelter syndrome library normalized to the total number of small RNA reads, and multiplied by a constant of 1x10 6 ; fold-change (log 2 ratio), fold-change (log 2 Klinefelter syndrome/healthy control). P≤0.001 was considered to indicate a statistically significant result.
Klinefelter syndrome and healthy control libraries both contained multiple and heterogeneous small RNA species in the present study. The characteristic stem-loop hairpin secondary structure is an important feature for distinguishing microRNAs from other endogenous small RNAs (26) . In total, 64 and 49 novel microRNAs were predicted in Klinefelter syndrome and healthy control libraries by providing evidence of stem-loop structures of the potential pre-microRNAs. Notably, the read numbers of the majority of novel microRNAs were much smaller compared with the known microRNAs, which indicated that novel microRNAs were usually expressed at lower levels. Certain novel microRNAs, for example microRNA sequences (AAACTGGGCATAGCTGTACTTTT, ACAGGGAGAGGAGGTAGAGGGA, ACGGTGGTGGTGG TGGTGGTGGTG and so on), could be identified in the Klinefelter syndrome library only, and it may be that certain marker microRNAs of Klinefelter syndrome require further study. In addition, our data revealed that there was one high abundance novel microRNA sequence (TTTGGGATTGACGCCACATGT) in the Klinefelter syndrome library, but not in the healthy control library. This further suggests that high-throughput sequencing is suitable for detecting novel microRNAs (14) . GO analysis revealed that the most significant GO terms concerning microRNA targets in both libraries were genes involved in the endomembrane system, kinase activity and binding. Notably, studies have shown that certain binding proteins may be involved in the mechanisms of mammalian germ cell aneuploidy (27) . Further research is required to elucidate whether these novel microRNAs are actually involved in that bioprocess.
The novel and known microRNAs in both libraries indicated that microRNAs could be mechanistically involved in the pathological process of Klinefelter syndrome. These microRNAs in PBMCs of Klinefelter syndrome require further validation individually in more specimens. Further studies of in vitro and in vivo models are necessary to clarify their roles in pathological processes. In summary, our data revealed the characterization of microRNA expression profiling in peripheral blood in Klinefelter syndrome, which may be valuable in the study of the effect of microRNAs on gene regulation in the future.
